Contamination of rivers with persistent organic pollutants (POPs) is an issue of current global concern. Polychlorinated biphenyls (PCBs) are POPs with origin from commercial, incineration and industrial sources. Hence, there is a need for monitoring their occurrence and distribution in the environment. This study assessed the occurrence, distribution and composition profiles of PCBs in River Niger, Nigeria. Surface and bottom water samples were collected in consecutive quarters for a period of 2 years, covering the beginning and end of the rainy seasons and the dry seasons, from five locations (Gurara, Lokoja, Onitsha, Brass and Nicolas) along River Niger. A total of 240 water samples were collected using a Van Dorn water sampler. EPA method 3510c was used with slight modifications for sample preparation and analysis. The PCBs were analysed using a Hewlett Packard GC 5890 Series 11 with electron capture detection, and confirmation was made using a Shimadzu GCMS QP2010. The higher molecular weight marker PCBs ( ). The POPs load in River Niger water varied in both time and space. In surface water of the River Niger, P PCBs were higher during the rainy season, as a result of storm run-off from land-based sources. In the Brass and Nicolas Rivers during the dry season, the P PCBs were higher during low tide. There was no noticeable pattern during the rainy season. It may be concluded from this study that the water of River Niger is not good for human consumption or abstraction of water from the river for drinking water treatment.
Introduction
Polychlorinated biphenyls (PCBs) are persistent organic pollutants (POPs) originating from anthropogenic activities including industrial, commercial and incineration. Since their introduction in 1929, they have been widely used as coolants and lubricants in transformers, capacitors and other electrical equipment (Kodavanti, 2014) . These pollutants can persist in the environment for long periods of time due to their resistance to biodegradation and travel long distances to remote areas (Bergkvist et al., 2012) . Adverse human health impacts of hazardous substances, including POPs, have been inferred as a result of contamination of various environmental media . PCBs being classified as POPs are endocrine disruptors that result in a change in morphology, physiology, growth, development, reproduction or lifespan of an organism (Lamb et al., 2014; Zeng et al., 2011) .
PCBs can enter the marine environment following the destruction and disposal of industrial plants and equipment or from emissions from construction materials (Kohler et al., 2005) and old electrical equipment (e.g. from landfill sites). PCBs are included in the Stockholm Convention (UNEP, 2009) because of their persistence, bioaccumulation and toxicity (PBT).
Globally, there has been historical production and use of large quantities of PCBs. Between 1965 and 1974 , China produced nearly 10,000 tons of PCBs (Zeng et al., 2011) . Many of the POPs were banned worldwide in 1970-1980s (Bergkvist et al., 2012) . However, several reports have shown their current presence in the environment (Babayemi, 2016; Harmelin-Vivien et al., 2012) as a result of their persistence or current illegal uses. They are lipophilic, bioaccumulate and biomagnify up the food chain (Harmelin-Vivien et al., 2012; Lacorte and Eggens, 1993) . Because of the adverse environmental and human health impacts, they have been listed for elimination globally or for restriction in products (Babayemi et al., 2012; Mellendorf et al., 2012; Sindiku et al., 2014) .
POPs are an emerging issue for water quality in both natural and technical environments, as good water quality is linked to intact aquatic systems (Gerbersdorf et al., 2015) . There is a paucity of data on POPs in Nigeria in general and the River Niger ecosystem in particular. There is a need to fill data gaps on POPs in the Nigerian environment if the country is to fulfil its obligations in the implementation of Stockholm Convention on POPs. Diverse anthropogenic activities, in particular farming, with the use of organochlorine pesticides, power generating plants and industries discharging effluents can be found on the banks of River Niger. It is therefore imperative to determine the levels of PCBs in water of River Niger: one, to provide scientific data for use in risk-based approaches for the development and application of national environmental standards and guidelines for POPs contaminants in such aquatic environment and two, to understand the environmental fate of POPs in the River Niger ecosystem towards the development of appropriate national policy on sound management of POPs. This study aims at investigating the occurrence, distribution and composition profiles in time and space of PCBs in River Niger.
Methodology

Water sampling
Surface and bottom water samples were collected in consecutive quarters for a period of 2 years. The method was designed to cover the beginning and end of the rainy season and dry season. There are four main climatic areas around River Niger (Nriagu, 1986a) : one, a tropical transitional zone with a rainy season of 8 months long from April to November; two, a Sudanian zone with a 5 to 7 months rainy season; three, a Sahelian/sub-desert zone with one rainy season 3 to 4 months long and four, an equatorial zone characterized by two rainy seasons, two dry seasons and very high precipitation (4000 mm). The Nicolas and Brass Rivers are located in the marine delta area. There are long and short rainy and dry seasons. The long rainy season starts in March and lasts until the end of July, while the short rainy season starts in early September to mid-October.
There were five locations (Gurara, Lokoja, Onitsha, Brass and Nicolas; Table 1), and samples were  collected from 3 sites in each location, making 15  sites (NGSW1, NGSW2, NGSW3, NLSW4, NLSW5,  NLSW6, NONSW7, NONSW8, NONSW9,  NBRSW10, NBRSW11, NBRSW12, NNCSW13,  NNCSW14 and NNCSW15). A total of 240 water samples (30 samples per quarter -surface and bottom) were collected using Van Dorn water sampler. The Van Dorn sampler used was manually operated and had open tubes of known volume (typically 1-3 L) fitted with a closure mechanism at each end. The sampling device was lowered on a calibrated line to the specific sampling depth; the sample was taken and the top and bottom lids were closed. Five hundred millilitres of amber glass bottles were used for collection of samples to eliminate the effect of light.
Samples were obtained as a series of six grabs, of surface and bottom (surface water was sampled 0.5 m from the water surface and the bottom water 0.5 m from the bottom) in each sub-location; a total of 3 L was sampled into six amber glass bottles of 500 mL each. The water samples were treated in situ with 2 mL of concentrated sulphuric acid to retard biological action, hydrolysis, volatility of compounds and reduce adsorption effects. The sample bottle was filled completely to avoid sample oxidation. They were immediately preserved in coolers with ice blocks. Simultaneous with the collection of primary water samples, a series of quality control (QC) samples consisting of field blanks and blind duplicates were also collected.
Reagents
Analytical grade hexane, acetone, dichloromethane, petroleum spirit and acetonitrile were purchased from Merck, Germany; and distilled over a 0.5 m packed column (reflux ratio approximately 1:25). The PCB external standard consisting of 27 congeners was purchased from Restek (Bellefonte, PA, USA). The congeners were #8, #18, #28, #44, #52, #60, #77, #81,  #101, #105, #114, #118, #123, #126, #128, #138,  #153, #156, #157, #167, #169, #170, #180, #185 , #189, #195 and #206. Frequent blank analyses were carried out to check laboratory-derived contamination at concentration levels above the limit of detection (LOD) and quantification of the analytes being studied.
Water sample preparation
The water samples were extracted as unfiltered, and the river had very high suspended solid levels particularly during the rainy season. EPA method 3510C was used with slight modifications: 25 mL of dichloromethane was added to 250 mL of water sample (unfiltered) in its original sample bottle. The bottle was closed tightly with an aluminium lined cap. The 20 mg L À1 of internal standard, decafluorobiphenyl, was added. The bottle was shaken manually for 15 min so that the vortex formed at the surface reaches almost to the bottom of the bottle. The contents of the bottle were transferred to a 500-mL separatory funnel. Ten minutes was allowed for the aqueous and the organic phases to separate. The organic layer was transferred to a 250-mL separatory funnel, and the aqueous layer was returned to the sample bottle. The 500-mL separatory funnel was rinsed twice with dichloromethane; 10 mL at first and then 15 mL, transferring the solvent to the sample bottle after each rinsing.
The shaking, separation and rinsing procedure was repeated twice. After the third separation, the organic layer was transferred to the 250-mL separatory funnel and the sample discarded. The 500-mL separatory funnel was rinsed again and the contents were added to the 250-mL separatory funnel. The 250-mL separatory funnel was shaken for 2 min and allowed to stand for 10 min (Dean, 2003) .
One gram of anhydrous sodium sulphate (Na 2 SO 4 ) was placed in a 125-mL sintered glass funnel and set up to drain into a 250-mL round bottom flask. The organic layer in the 250-mL separatory funnel was drained into the filtration column. The 15 mL of dichloromethane was added to the aqueous layer remaining in the separatory funnel and shaken for 2 min and then allowed to stand for 10 min. The organic layer was drained again through the Na 2 SO 4 filter column and the remaining aqueous layer phase discarded. The 250-mL separatory funnel was rinsed twice with 10 mL of dichloromethane and passed through the Na 2 SO 4 column. The Na 2 SO 4 column was washed with 10 mL of dichloromethane. The combined sample extracts were evaporated under vacuum using a Rotary evaporator at 30-35 C to 5 or 6 mL. The concentrate was transferred with 4 Â 1-mL rinsings to a 15-mL graduated glass tube with a conical bottom. The evaporation was finished to 3 mL under a gentle stream of nitrogen at 50-60 C (water bath) at atmospheric pressure. The extract was solvent exchanged to isooctane.
Cleanup
A 600-Â 19-mm 2 id cleanup column was prepared by blocking the hole with glass wool and adding 3 g of activated silica gel (60-100 mesh), calcined at 650 C for 24 h in a muffle furnace, and then stored at 130 C until use. Before use, the silica gel was deactivated with 1 mL of distilled water. The column was topped with 1 cm of preheated Na 2 SO 4 previously heated at 650
C for 8 h in a furnace and stored in a clean bottle in a desiccator. The column was rinsed by eluting with 20-mL hexane twice and discarded. The concentrated extract in isooctane was transferred to the column and eluted with 50 mL of 20 þ 80 DCM/hexane (v/v ratio). The eluent was collected in a 100-mL round bottom flask. This fraction (referred as eluent 1) contains PCBs and about 14 organochlorines (OCs) (Dean, 2003) .
Quality control
In order to minimize sample contamination, only glass, metal and Teflon container apparatuses were used in the laboratory. Glassware was cleaned by agitation in detergent solution and rinsed with running tap water, then with distilled water and high-purity acetone and n-hexane prior to the extraction procedure. All solvents of analytical grade (hexane, acetone, dichloromethane, petroleum spirit and acetonitrile) were purchased from Merck, Germany and distilled over a 0.5 m packed column (reflux ratio approximately 1:25).
Instruments were calibrated using certified reference standards from Accustandards (New Haven, CT, USA). The PCB congeners were identified in the sample extracts by comparing the accurate retention time from the standard mixture and quantified using response factors from five-level calibration curves of the standards. Appropriate quality assurance and QC analysis was performed including analysis of procedural blanks (analyte concentration was <'method detection limit') to check for purity of reagents, potential laboratory contamination and interferences. Random duplicate samples were analysed (standard deviation <5) to check the precision of the instrument. Five calibration curves with an r 2 value of 0.999 were used for the quantification of the PCBs. Calculated concentrations were reported as less than the LOD if the peak area did not exceed the specified threshold (three times the noise). The PCBs were denoted by their International Union of Pure and Applied Chemistry (IUPAC) numbers.
Gas chromatography analysis
Twenty-seven (27) PCB congeners, #8, #18 #28, #44, #52, #60, #77, #81, #101, #105, #114, #118, #123, #126, #128, #138, #153, #156, #157, #167, #169, #170, #180, #185, #189, #195 and #206 were screened in the water samples. The extracted samples were subjected to gas chromatography (GC) for identification/quantification ( Table 2 ). The compounds were analysed using a Hewlett Packard GC 5890 series 11 with electron capture detector. The 1 mL sample was split into two columns, each 0.53 mm Â 30 m, containing SPB-5 and SPB-608 stationary phases, respectively, for the confirmation of the peaks to detect co-elution peaks (particularly PCB-77/110 and PCB-138/163). The instrument was operated in a splitless mode (closed for 1.5 min), and the oven temperature program started at 90 C (held for 2 min) to 130 C at 15 C min À1 , then to 290 C at 4 C min À1 (holding time 20 min). Injector and detector temperatures were 250 C and 300 C, respectively. The flow rate through the column was 3 mL min
À1
. Confirmation was done using a Shimadzu GCMS QP2010 and capillary column HP1MS (30 m Â 0.25 m Â 0.25 mm id). The column used in the study was the HP1 column which is of high quality and low bleed capacity.
The unfiltered surface and bottom water samples were extracted and cleaned up separately and each injected into the gas chromatograph. The PCBs were reported as means of both results.
Coplanar. Of the 209 PCB congeners, the most toxic are the so-called 'dioxin-like' PCBs (DL-PCBs). There is evidence to suggest that there is a common mechanism of action of 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) and the coplanar group of PCBs in human-biological systems as stated by Safe (1995) . The PCBs assume a dioxin-like structure when chlorines occupy (a) usually no more than one of the ortho positions; (b) both para positions; (c) at least two meta positions and (d) the structure is not hindered from assuming the preferred planar configuration. The so-called 'coplanar or DL-PCBs' include three nonortho (PCB 77, PCB 126 and PCB 169), eight monoortho (PCB 105, PCB 114, PCB 118, PCB 123, PCB 156, PCB 157, PCB 167 and PCB 189) and two di-ortho (PCB 170 and PCB 180) substituted congeners. Commercial and incineration PCBs. The contribution of incineration and commercial PCBs to the total Co-PCBs was studied for each location. Congeners, PCB-169, -81, -126 and -189, are mostly from incineration, while are mainly from commercial sources (Breivik et al., 2002) . These were examined and compared.
Results and discussion
Concentration of marker PCBs
Marker PCB congeners PCB-118, PCB-138, PCB-153 and PCB-180 were more prominent in the water samples analysed compared to the lower chlorinated forms, PCB-28, PCB-52 and PCB-101. The highest marker PCB-118 concentration of 87.4 + 84.8 ng L À1 with range 2.08-201.6 ng L À1 was detected at NONSW7 at the Onitsha location, while the lowest concentration 1.98 + 0.69 ng L À1 of the same congener was detected at location NONSW9 at Onitsha (Table 3 ) at locations NGSW3, NONSW7 and NGSW4, respectively. The lower levels of the lower molecular weight congeners were detected downstream the River Niger.
Coplanar PCBs
The concentration of the DL-PCBs decreased from upstream to downstream with the exception of PCB-169 that showed higher concentration downstream. The sequence of the higher levels was PCB-105 > PCB-118 > PCB-81 > PCB-114 > PCB-77 ( 
Comparison of NOAA, marker and coplanar PCBs
The sequence in concentration in the water samples was P NOAA PCBs > P DL PCBs > P ICES-7 PCBs. The PCBs contamination levels in water from Niger River were compared with guideline values stipulated by National Oceanic and Atmospheric Administration as criteria maximum concentration (CMC) and criteria continuous concentration (CCC). CMC is the highest 1 h average exposure not to be exceeded more than once every 3 years (2000 ng L À1 ) and is synonymous with 'acute' toxicity, and CCC is the highest level for a 4 day average exposure not to be exceeded more than once every 3 years (14 ng L À1 ) and is synonymous with 'chronic' toxicity. The US EPA has established a maximum contaminant level (MCL) of 500 ng L À1 , for total PCBs in drinking water (FR 1991; DHS 2008) . The Government of British Columbia recommended the 500 ng L À1 maximum concentration for total PCBs for irrigation water (BC, 1992 
Commercial and incineration PCBs compared
In the water samples, the contribution of commercial PCBs was higher in all the locations. The commercial Co-PCBs ranged between 80.8 ng L À1 and 288.3 ng L À1 compared with the incineration CoPCBs with values ranging from 34.9 to 87.2 ng L À1 (Table 6 ). The contribution of % commercial PCBs was higher in all the locations compared to the incineration Co-PCBs. The % commercial Co-PCBs ranged between 50.26% and 80.90% compared to the incineration Co-PCBs with values of ranging from 19.10% to 49.74%.
Comparison with levels of PCBs reported in the literature
Low levels of total PCBs in water have been reported in the literature. Buckland et al. (1998) , Tanabe et al. (1983) and Iwata et al. (1994) all detected low water PCB levels of ranges 1.10-1.60 ng L À1 , 0.048 and <0.05-2.20 ng L À1 in New Zealand rivers, Antarctic lake water and various Australian rivers, respectively. Low PCBs levels of 0.10-0.43 ng L À1 in water were also detected in North Ontario Canada (Lockhart et al., 1992) . Various rivers in Indonesia and Vietnam, Solomon Islands, rural areas of Malaysia and Thailand all had low levels of PCBs in water with ranges 0.38-2.10, 0.57-8.00, <0.05-1.10, 0.45 and 0.085-2.10 ng L À1 , respectively (Iwata et al., 1994) . Great Canadian lakes of the Niagara and Saginaw rivers had elevated levels of PCBs in water of ranges 0.05-19.30 ng L À1 and 10.00-46.00 ng L
À1
, respectively (Kuntz and Warry, 1983; Verbrugge et al., 1995) . Smit et al. (1987) and Bremle et al. (1995) detected moderately high levels of PCBs in River Krupa, Yugoslavia, and River Eman in Sweden with a concentration of 1.00-52.00 ng L À1 and 0.40-20.80 ng L À1 , respectively. Moderately high level of PCBs, 0.34-48.00 ng L À1 , was reported by Iwata et al. (1994) in various rivers in India.
Higher PCBs compared to this study have been reported in the literature. PCB levels of 100 ng L À1 are regarded as high and there is the possibility of harmful effects on biota (Muir, et al., 1999) . Urban run-off in France contained high levels of PCBs, 36.00-2600 ng L À1 (Albanis et al., 1998) . These levels are higher than the maximum PCBs in this study, 456.0-1139 ng L À1 detected at location NONW7 at Onitsha. The deltas are repositories of persistent organic compounds globally (Badawy and Ahly, 1986) ; these authors reported high levels of PCBs, À1 in the river Nile Delta area, which was lower than the levels reported in the Niger Delta area stations, NBRSW10, NBRSW11, NBRSW12, NNCSW13, NNCSW14 and NNCSW15, with PCBs ranges 117. 0-1185, 147.0-1020, 205.2-866, 213.0-896.4, 393.0-815.0 and 167.0-860 ng L À1 , respectively.
Marine waters and sediments are usually contaminated by POPs through inflow from rivers. The concentrations are higher at the river mouth where it empties into the oceans; however, the levels continuously decrease from the river mouth into the sea. Very low levels of PCBs were detected (Fuoco et al., 2007) along Ross Sea at Terranova Bay. They reported PCB levels in 1997-1998, 2000-2001 and 2002-2003 in surface sea water, 55-80 pg L
, 23 ng L À1 and 36-53 pg L À1 , respectively, which were 1000 times lower compared to levels in the delta area of River Niger observed in this study. Friege et al. (1989) quantified the high level of PCBs <10.00-340 ng L À1 in this river. The Lippe river (North Rhine-Westphalia, Germany), like the River Niger at Onitsha, is located in a densely populated area with many diverse anthropogenic input sources, for example, chemical industry, mining, agriculture and sewage. In the United States, the Hudson River, Green Bay in Wisconsin and Oak Ridge in Tennessee all had water PCB levels of 100-586, 0.36-121, BDL-124 ng L À1 , respectively (Bush et al., 1985; Napolinato and Richmond, 1995; Swackhamer and Armstrong, 1987) . Galassi and Provini (1981) reported high levels of PCBs in the River Krupa in Slovenia and the Adige and Po rivers in Italy with levels of 0.50-251 ng L À1 and <20-100 ng L À1 , respectively. All the PCB levels in these rivers were lower than the levels detected in this study.
There is a limited amount of high-quality data published in the literature for individual PCB congeners in water. It can be concluded that in general, less highly chlorinated congeners predominate in water samples (Bush et al., 1985; Bremle et al., 1995; Fernandez et al., 1999) with di-, tri-and tetra-chlorinated congeners being the most abundant. This is in agreement with the present study.
In estuaries, variations can occur both on a seasonal time scale according to flow rates and on an hourly timescale with tidal changes (Abarnou et al., 1987; Nichols, 1990) . The amount of suspended material in the water column varies during the tidal cycle. Abarnou et al. (1987) and Nichols (1990) found that bound concentrations of PCBs and kepone, respectively, also varied with the tidal cycle with highest concentrations observed during low water. It is very important to monitor the concentration of PCBs in estuaries during the rainy and dry seasons to be able to conclude whether they are higher at low or high tides (Table 7) . Fernandez et al. (1999) reported #138 up to 95.0 ng L À1 as being more abundant than #153 (20 ng L
). This also agrees with the findings of the present study. In contrast to the above claims, Friege et al. (1989) reported #153 as being more abundant than #138. High levels of PCBs, 87.0 (ND-244), 121 (ND-241), 120 (ND-470) and 330 (ND-1000) ng L À1 have been reported in Rivers Ogun, Imo, Cross and Oba, respectively (Osibanjo, 2002) . The relatively very low concentration of PCBs was reported in most surface sea water. Fuoco et al. (2007 Fuoco et al. ( ) between 1997 Fuoco et al. ( and 2003 reported very low PCB concentrations of 55.0-80.0, 23.0 and 36.0-53.0 pg L À1 in Ross Sea Terranova Bay. These levels are more 1000 times less than the levels detected in this study.
Regulatory approaches for PCBs in water
The water quality criteria for PCBs in drinking water in the United States are generally around 1 ng L À1 but are as low as 0.079 ng L À1 in some states (MacDonald et al., 1992) . A criterion for the protection of aquatic life is even more stringent and has been put at 0.0079 ng L À1 in Missouri. Australia and New Zealand Environment and Conservation Council (ANZECC) water quality guideline for the protection of aquatic life is 1 ng L À1 total PCBs (ANZECC, 1992) . British Columbia and the Netherlands provide criteria based on specific congener concentrations (MacDonald et al., 1992) . In the Netherlands, these range from 0.45 ng L À1 (PCB #153) to lower values for non-ortho-congeners (e.g. 0.00025 ng L À1 for PCB #126). The detection limits for PCBs in river water from the present study are 500-700 times higher in all the locations sampled; and for single #153 congener, 8-100 times higher in all the locations.
Conclusion
The higher molecular weight marker PCBs ( P CB, 138, 153, and 180) were more dominant than the lighter homologues ( P CB 28, 52, and 101), while commercial sources Co-PCBs were more dominant than the incineration sources. The POPs load in the River Niger water varied in both time and space. In surface water of the River Niger, P PCBs were higher during the rainy season, as a result of storm run-off from land-based sources. Tides also played a significant role in the distribution of POPs on an hourly timescale. In the Brass and Nicolas River during the dry season, the P PCBs were higher during low tide.
There was no noticeable pattern during the rainy season. It may be concluded from this study that the water of River Niger is not good for human consumption or abstraction of water from the river for drinking water treatment.
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